INTRODUCTION
Circadian rhythms allow organisms to adapt to daily alterations in the environment, including changes in energy demand, and are critical for metabolic homeostasis. Indeed, disruptions in circadian rhythms are often correlated with metabolic disorders (Brum et al., 2015; Karlsson et al., 2001; Lamia et al., 2008; Marcheva et al., 2010; Mukherji et al., 2015; Oishi et al., 2006; Rorbach and Minczuk, 2012; Rudic et al., 2004; Turek et al., 2005) . Nocturnin (Noct, Ccrn4l) is widely conserved among eukaryotes and is expressed ubiquitously in many mammalian tissues (Baggs and Green, 2003; Wang et al., 2001) . As a highly rhythmic output gene of the core circadian clock machinery (Oishi et al., 2003) , Nocturnin mRNA levels peak at early night in mice. However, it has also been identified as an immediate-early gene, and it is acutely induced in response to numerous stimuli, including serum deprivation, lipopolysaccharide, and peroxisome proliferator-activated receptor g (PPARg) agonist rosiglitazone (Garbarino-Pico et al., 2007; Kawai et al., 2010b; . Nocturnin can also be induced by nutrient and metabolic cues, such as high-fat diet and olive oil gavage (Douris et al., 2011; Green et al., 2007; Stubblefield et al., 2018) . Analysis of Nocturnin À/À animals has provided evidence for a role in numerous physiologic processes, including lipid metabolism Stubblefield et al., 2018) , adipogenesis (Kawai et al., 2010b) , osteogenesis (Kawai et al., 2010a) , and immune function .
Nocturnin belongs to a family of proteins that include exonucleases, endonucleases, and phosphatases and is most closely related to the CCR4 family of deadenylases, which remove poly(A) tails from mRNAs (Baggs and Green, 2003; Godwin et al., 2013) . This potential function and its capacity to respond to environmental cues make Nocturnin a candidate for fine-tuning transcriptional responses to metabolic challenges. By shortening the length of mRNA poly(A) tails, Nocturnin is predicted to destabilize its target mRNAs. RNA sequencing (RNA-seq) analysis of Nocturnin À/À mouse liver revealed increased amplitudes in the daily rhythms of many enzymes regulating triglyceride and cholesterol synthesis, as well as an increased amplitude in response to a fasting-refeeding challenge (Stubblefield et al., 2018) . This has led to the model that modulation of Nocturnin levels allows for post-transcriptional regulation of metabolic flux. In this study, we investigate the role of Nocturnin in mediating metabolic adaptation in brown adipose tissue (BAT) . We find that Nocturnin exhibits dual localization within cells, with a portion of the protein targeted to the mitochondrion. Nocturnin is acutely induced in BAT in response to cold exposure, and a combination of transcriptomic and metabolic analyses indicate that it regulates long-term metabolic adaptation to cold exposure.
RESULTS

Nocturnin Localizes to Both the Mitochondria and Cytosol
Analysis of Nocturnin's mRNA sequence reveals two potential in-frame translation initiation codons near the 5 0 end in exons 1 and 2, separated by 64 amino acids ( Figure 1A ). Both start codons are surrounded by sequences that diverge from the canonical Kozak sequence. From publicly available quantitative translation initiating ribosome profiling data (Crappe et al., 2015; Fijalkowska et al., 2017; Gao et al., 2015; Gawron et al., 2016; Ji et al., 2015; Raj et al., 2016; Zhang et al., 2017) , we found that global aggregate from human cell lines indicated peaks of ribosome occupancy at both methionines, referred to as Met 1 and Met 65 (numbering based on Mus musculus sequence) ( Figure 1B ). In addition, elongating ribosomes are readily observed in exon 1, before Met 65 ( Figure S1A ). Analysis of Nocturnin's amino acid sequence (starting at Met 1 ) predicts a putative mitochondrial targeting sequence within the first 65 amino acids, as determined by multiple prediction programs ( Figures 1A and S1B ). Thus, we hypothesized that the choice of start codon determines Nocturnin's subcellular localization. We carried out biochemical fractionation of HEK293 cells to separate the mitochondrial and cytosolic fractions, followed by a Proteinase K protection assay on the mitochondrial fraction ( Figure 1C ). A portion of Nocturnin was significantly enriched in the mitochondrial fraction and protected from degradation upon Proteinase K treatment, confirming that Nocturnin localizes within the mitochondrial membrane.
We transduced Nocturnin À/À mouse embryonic fibroblasts (MEFs) with lentivirus expressing FLAG-tagged Nocturnin wt , as well as FLAG-tagged Nocturnin M1A or Nocturnin M65A , to force translation initiation at the second or first start codon, respectively ( Figure 1D ). Nocturnin M1A localized to the cytoplasm exclusively, whereas Nocturnin M65A exhibited predominant mitochondrial localization (as detected by overlap with MitoTracker Red). Cells expressing wild-type Nocturnin exhibited both cytoplasmic and mitochondrial localization. Thus the choice of initiation codon is sufficient to determine Nocturnin's subcellular localization.
Nocturnin's localization to the mitochondrion suggests a potential role in mitochondrial function, and mitochondrial mRNAs are exclusively utilized for the production of components of the electron transport chain. Oxygen consumption measurements in Nocturnin À/À MEFs revealed no significant differences in basal respiration, but a mild reduction in uncoupled respiration (induced by CCCP [carbonyl cyanide m-chlorophenylhydrazone]) ( Figures 1E and 1F ). Stable re-expression of Nocturnin ( Figure S1C ) (in Nocturnin À/À MEFs) was sufficient to rescue the defect in uncoupled respiration ( Figures 1E and 1F ). We therefore used permeabilized cells to assess organellar function in wild-type and Nocturnin À/À MEFs. Analysis of state 4 (uncoupled) mitochondrial respiration ( Figure 1G ) revealed no defects in complex I (pyruvate/malate) or complex II (succinate) stimulated respiration, indicating that the mild respiratory defect observed in intact cells is due to metabolic alterations, as opposed to inherent reductions in mitochondrial function.
Nocturnin mRNA Is Acutely Induced in Brown Adipose Tissue Following Cold Exposure
The above results suggest that Nocturnin does not play a major role in regulating mitochondrial function in cultured MEFs but may be specifically important to metabolic control of the uncoupled state. In vivo, BAT is well known to use uncoupled mitochondrial respiration to generate heat in response to cold exposure via the rapid induction of mitochondrial uncoupling proteins (e.g., UCP-1). In this situation, nutrients (e.g., glucose, fatty acid) are rapidly oxidized within the tricarboxylic acid (TCA) cycle, providing substrates for the electron transport chain. Like HEK293 cells, biochemical fractionation of BAT indicated that Nocturnin is present in both cytoplasmic and mitochondrial compartments ( Figure 2A ). Furthermore, an acute cold-exposure protocol in mice (6 C for 4 h) revealed that Nocturnin transcripts are strongly induced in BAT ( Figure 2B ). We therefore examined the role of Nocturnin during cold exposure.
Nocturnin expression is robustly circadian with peak mRNA and protein levels at the onset of night (ZT12) in murine liver (Garbarino-Pico et al., 2007; Sinturel et al., 2017; Stubblefield et al., 2018; Wang et al., 2001; Zhang et al., 2014) . In brown fat, Nocturnin mRNA is also circadian, with peak levels at ZT12 (Zhang et al., 2014) . We therefore examined thermogenic responses in mice following cold exposure at two opposite phases of the circadian cycle. WT and Nocturnin À/À mice were put in cold chambers at 1 h after light onset (ZT1) or 1 h after dark onset (ZT13), and temperatures were measured every 4 h for the following 12 h. We observed a mild deficit in thermogenic recovery in the Nocturnin À/À mice in both conditions ( Figure 2C ). Thus, Nocturnin is not strictly required for cold-temperature adaptation, although adaptation mechanisms appear less robust in Nocturnin À/À animals. Consistent with this, induction of known cold-responsive genes was largely intact in Nocturnin À/À mice, although some genes (e.g., Pparg) exhibited reduced responsiveness ( Figure 2D ).
Nocturnin's putative function as a deadenylase suggests a role in post-transcriptional regulation of mRNA stability via control of poly(A) tail length (Baggs and Green, 2003) . Twelve of the 13 mRNAs (ND6 is the exception) encoded by the mitochondrial genome are polyadenylated with poly(A) tails shorter than those found on nuclear-encoded mRNAs in the cytoplasm, although the exact role of these tails is still being debated (Rorbach and Minczuk, 2012) . We therefore measured levels of mitochondrial RNA (mtRNA) species in the two genotypes at room temperature and following cold exposure. There were no apparent defects in mitochondrial genome content in Nocturnin À/À BAT ( Figure 2E ), suggesting that mitochondrial biogenesis is unchanged. However, whereas levels of mtRNA species did not change significantly in response to cold exposure in the WT mice, the mtRNAs in the Nocturnin À/À BAT were modestly affected by temperature, with globally elevated levels in room temperature-housed mice and global decreases following cold exposure ( Figures 2F and 2G ).
Regulation of Mitochondrial Metabolic Genes Is Altered in Nocturnin À/À BAT
The acute induction of Nocturnin in response to cold ( Figure 2B ) suggests that it may regulate the overall transcriptional response to cold exposure. We performed mRNA-seq analysis on BAT isolated from wild-type and Nocturnin À/À littermates at room temperature or after a 4-h cold challenge. Differential (B) qRT-PCR analysis of BAT samples from wild-type and Nocturnin À/À littermates kept at room temperature (RT) or exposed to cold (6 C) for 4 h. (C) Core body temperature of mice during prolonged cold exposure at 6 C; animals placed at cold at ZT1 (left) or ZT13 (right) (N = 8-10/genotype, yellow and gray shading indicating day and night, respectively). (D) Transcript levels of Ucp1, Pparg, PGC1a, and Dio2 genes normalized to B2M in BAT tissue of the indicated genotype and condition (N = 3-6). WR, wild-type room temperature; WC, wild-type cold; KR, Nocturnin À/À room temperature; KC, Nocturnin À/À cold. (E) mtDNA copy numbers in BAT of mice kept at RT or cold (6 C, 4h) (N = 4-5). . Altered Expression of Mitochondrial Metabolic Genes in Nocturnin À/À BAT Following Cold Exposure (A) Venn diagrams of common and unique genes that are differentially expressed following 4-h cold exposure in wild-type (WC/WR) and Nocturnin À/À (KC/KR) BAT. Top: Venn diagram of upregulated genes. Bottom: Venn diagram, downregulated genes. Blue, WT; red, Nocturnin À/À . WR, wild-type room temperature; WC, wild-type cold; KR, Nocturnin À/À room temperature; KC, Nocturnin À/À cold. (B) Volcano plot for uniquely changing genes in WT and Nocturnin À/À BAT following 4-h cold exposure. y axis represents -log 10 (FDR). x axis represent log 2 (fold change) from differential expression analysis statistics. expression analysis between the two temperatures revealed some changes in the transcriptional response to cold between wild-type and Nocturnin À/À animals ( Figures 3A and 3B and Table S1 ). Many of the mRNAs that showed altered levels in response to temperature were not different between genotypes, and among those genes that were uniquely regulated in either wild-type or Nocturnin À/À animals, similar gene ontology pathways were represented ( Figures 3C and 3D , Table S1 ). Thus the overall transcriptional response to acute cold exposure is largely conserved in Nocturnin À/À animals, with only subtle changes.
To determine whether there might be gene expression changes driven by the intersection of genotype and temperature at the network level, we performed weighted gene co-expression network analysis (Fontenot et al., 2017; (Table S2 ). We identified two modules with gene expression patterns driven by samples with a specific combination of genotype and temperature. Module 1 (dark green, Figure 3E ) represents genes most highly correlated in the Nocturnin À/À BAT room-temperature samples (see eigengene inset). Module 2 (midnight blue, Figure 3F ) represented genes most highly correlated in wild-type BAT cold samples. Interestingly, whereas the dark green and midnight blue modules contain completely independent genes, ontology analysis indicates that both modules are highly enriched in genes linked to mitochondrial function ( Figures 3E and 3F , Table S2 ).
Metabolomics Analysis Reveals Altered Long-Term Metabolic Adaptation in
Nocturnin À/À BAT The network analysis above suggests a metabolic role for Nocturnin induction during cold exposure. We therefore performed targeted metabolomics measurements in BAT from wild-type and Nocturnin À/À mice in response to a 4-h cold exposure ( Figure 4A , Table S3 ). Unsupervised hierarchical clustering and principal-component analysis (PCA) reliably separated room-temperature and cold-exposure samples but could not distinguish wild-type and Nocturnin À/À genotypes ( Figures 4A and 4B) . These results indicate that the overall metabolic response to acute cold exposure is largely maintained in Nocturnin À/À BAT.
As Nocturnin's putative function invokes regulation of mRNA stability, we hypothesized that its induction during cold exposure may play a role during longer-term adaptations. To examine this possibility, we assessed animals subject to a prolonged cold exposure (7 days). Nocturnin À/À animals did not display any defects in core body temperature or body weight during this challenge ( Figures S2A and S2B ). Despite this, steady-state metabolomics revealed striking differences between wild-type and Nocturnin À/À BAT ( Figures 4C and 4D , Table S3 ): Unsupervised hierarchical clustering and PCA revealed that Nocturnin À/À BAT clusters distinctly from other conditions after a 7-day cold exposure. Interestingly, 7-day cold wildtype BAT appears to occupy an intermediate position between room-temperature groups and 7-day cold Nocturnin À/À BAT ( Figures 4C and 4D) , indicating that long-term metabolic adaptation in Nocturnin À/À BAT is distinct and more profound than in wild-type BAT. To assess the relevant metabolic pathways mediating separation of 7-day cold Nocturnin À/À BAT, we focused on principal component 1 (PC1) in the PCA, which reliably separates these groups. Of the top 10 metabolites contributing to PC1, seven reflect intermediates in the mitochondrial TCA cycle ( Figure 4E ). This pattern was specific to the 7-day analysis ( Figures S3A and S3B ). We therefore compared patterns of TCA metabolite abundances in 4-h and 7-day cold-exposure cohorts. BAT is known to readily use succinate as a key mitochondrial fuel source during acute cold exposure (Mills et al., 2018) , and Nocturnin À/À animals maintained this metabolic signature ( Figure 4F ), consistent with their overall ability to maintain thermogenesis. However, succinate levels in wild-type BAT were relatively blunted after 7 days, whereas Nocturnin À/À BAT displayed continued striking increases in succinate levels, accompanied by similar increases in other TCA cycle metabolites ( Figure 4G) . Consistent with this model, Slc25a10, the mitochondrial dicarboxylate carrier responsible for succinate entry into the mitochondria, is specifically downregulated in wild-type, but not Nocturnin À/À , animals after 4-h cold exposure ( Figure S2C ). Thus, we propose that whereas BAT metabolism is profoundly altered in response to an acute cold exposure, the induction of Nocturnin serves to suppress the acute metabolic response in the case of long-term cold exposure, thereby mediating longterm adaptation.
DISCUSSION
Our results indicate that the induction of Nocturnin is non-essential during cold exposure in mice, but plays a role in regulating long-term metabolic adaptation of BAT. Mechanistically, the precise function and targets of Nocturnin are unknown, although it has been implicated in de-stabilizing mRNAs (via control of poly(A) tail lengths) as well as circadian control of metabolic enzymes. Tuning of transcriptional responses via regulation of mRNA stability may be important for the long-term outcome to an environmental challenge, and this role for Nocturnin may underlie its role in long-term metabolic adaptation. Alternatively, Nocturnin may have a more direct function in controlling metabolic activity. In addition, dual localization within the cytosol and mitochondria allows Nocturnin to potentially coordinate metabolism in different compartments. Studies examining BAT with exclusively localized mitochondrial versus cytosolic Nocturnin will be need to validate this model. However, the relatively subtle changes in gene expression observed in Nocturnin À/À animals suggest that loss of this gene is having an indirect effect on mitochondrial metabolism rather than targeting a few specific transcripts.
In the setting of cold exposure, BAT must rapidly oxidize nutrients within the mitochondrion to generate heat and maintain body temperature. Recent reports indicate that muscle-derived succinate serves as an important substrate during the acute cold response and that exogenous administration of succinate is sufficient to promote thermogenesis and weight loss (Mills et al., 2018) . Acute utilization of succinate appears intact in Nocturnin À/À animals, whereas wild-type animals appear to downregulate succinate oxidation in the long term, perhaps shifting to alternative carbon sources. We hypothesize then that Nocturnin induction serves to limit the amplitude of the initial cold response. In this model, Nocturnin's role in multiple compartments allows for fine-tuning of metabolic adaptations during a prolonged environmental challenge. Despite the striking differences observed in metabolite levels, we observed no overt phenotypes related to body weight or core body temperature in Nocturnin À/À animals subject to prolonged cold. Importantly, steady-state metabolite levels are not directly indicative of pathway flux, and future experiments using in vivo isotope tracing techniques will be required to validate specific mechanisms of metabolic adaptation.
Limitations of the Study
It is important to mention that energy balance and temperature are tightly regulated via hypothalamus and systemic cues, and the lack of obvious phenotypes in Nocturnin À/À animals could be due to compensatory mechanisms such as browning of white adipose tissue or muscle-based thermogenesis. Whether the phenotypes we observe are due to Nocturnin function in the mitochondria, the cytoplasm, or both cannot be determined by the experiments proposed here and will require the generation of mice expressing specific isoforms. In addition, a significant limitation of our study is that our comparisons were made between subjects at 6 C and room temperature, as opposed to thermoneutral animals ($30 C). In addition, rectal temperature measurements predominantly reflect whole-body temperature and are subject to handlinginduced stress, whereas telemetry measurements of BAT temperature will provide a more robust and direct 
TRANSPARENT METHODS
Animal Studies
Male and female wild-type and Nocturnin -/-C57BL/6 (congenic, N>9) mice were group-housed, under standard laboratory conditions, including a 12-hr light/dark cycle and free access to regular chow (Harlan Teklad diet 2918) and water. For cold exposure experiments, age-matched 10-20
week old young adult male and female WT and Nocturnin -/mice were randomly assigned to cold (6C) or room temperature (22C) groups. Mice were single housed for the duration (4hrs) of the experiment and food was removed in order to minimize individual variation. For the 7-day cold exposure protocol, WT and Nocturnin -/mice were single housed at 6C for the duration of the experiment with free access to food and water. At the end of the experiment, mice were killed by decapitation and BAT was dissected and immediately frozen in liquid nitrogen and stored at -80C. For the metabolomics analysis, tissue from male mice were used only. All animal studies were conducted in accordance with IACUC regulations and guidelines.
Plasmids and Cell lines
To generate the Nocturnin-FLAG lentivirus construct, the mouse Nocturnin cDNA with 3x flag tag was subcloned into the Age1 and EcorR1 sites of pLJM1-EGFP. pLJM1-EGFP plasmid was obtained from Addgene (Plasmid#19319 Lentiviral particles were produced according to Addgene protocol. Briefly, pLJM1-EGFP, pLJM1-NOC, pLJM1-NOC(M1A) and pLJM1-NOC(M65A) plasmids were mixed with packaging and envelope plasmids and with FUGENE Transfection Reagent (Promega) in serum-free OPTI-MEM, so that FUGENE: total DNA ratio will be 3:1. 50-80% confluent HEK-293T cells (in DMEM that does not contain antibiotics) were then transfected with this mixture. Cells were incubated at 37C, 5% CO 2 for 12-15 hours. Next morning, transfection reagent was removed and replaced with fresh media (DMEM+10%FBS+penicillin/strepromycin). Cells were incubated for another 24 hrs at 37C, 5% CO 2. On Days 4 and 5, lentiviral particles were collected and stored at -80°C until use.
Generating Stable Cell Lines
Immortalized mouse embryonic fibroblast (MEF) cell lines were maintained in high-glucose DMEM supplemented with 100U/ml penicillin, 10g/ml streptomycin and 10% fetal bovine serum.
To generate stable cell lines, 70% confluent MEF cells were infected with 0.1-1mL lentiviral particles. Polybrene (8g/ml) was added to the media to increase viral infection efficacy. Titration was performed in order to assess the infection efficacy and to decide the optimal concentration of lentiviral particles for the desired gene expression level. Cells were incubated overnight and changed to fresh media after 24 hrs and selected with puromycin. Lentiviral infection was visually confirmed for the pLJM1-GFP construct and western blotting was performed to confirm the expression of other target genes.
RNA-seq analysis
mRNA-seq libraries were prepared as previously described (Takahashi et al., 2015) . Sequencing was performed by Nextseq Sequencing System (Illumina) on individually barcoded samples.
Average sequencing depth was 55 million reads/sample. Using fastqc, the reads were checked for quality followed by treatment with an in-house python script to trim low quality reads. Reads were aligned with STAR (Dobin et al., 2013) against mouse genome (mm10) and gene annotation Mv14 from Gencode (Frankish et al., 2018) , with parameters "--readFilesIn input.trim.gz --readFilesCommand zcat --sjdbGTFfile M14.annotation.gtf --outFilterType BySJout --outFilterMultimapNmax 10 --alignSJoverhangMin 10 --alignSJDBoverhangMin 1 --outSAMtype BAM SortedByCoordinate --outSAMunmapped Within --outFilterMismatchNmax 3 --twopassMode Basic". BAM file was filtered for ribosomal RNA and secondary alignments by keeping the uniquely mapped reads. Coverage tracks were generated using in-house python script by normalizing each sample to 10million total reads. HTSeq-count was used for raw read counting (Anders et al., 2015) and RPKM was calculated using a custom R script.
Differential gene expression analysis
The raw read counts from HTSeq-count were filtered for genes not expressed. Filtered counts were used to identify differentially expressed genes using DESeq2 (Love et al., 2014) . Genes with FDR < 0.05 and |log2(FC)| > 0.3 were considered differentially expressed. Gene ontology analysis was performed using GOstat package in R (Falcon and Gentleman, 2007) and further confirmed with ToppGene Suite (Chen et al., 2009) . Gene Ontology's categories were considered with FDR < 0.05 and number of genes per category > 5.
Co-expression network analysis
To identify modules of co-expressed genes in the RNA-seq data, we carried out weighted gene co-expression network analysis (WGCNA) . A soft-threshold power was automatically calculated to achieve approximate scale-free topology (R 2 >0.85, Power = 12). Networks were constructed with blockwiseModules function with biweight midcorrelation (bicor). We used corType = bicor, maxBlockSize = 16000, mergingThresh = 0.15, reassignThreshold = 1e-6, deepSplit = 4, detectCutHeight = 0.999, minModuleSize = 30, networkType=signed. The modules were then determined using the dynamic tree-cutting algorithm. To ensure robustness of the observed network, we used a permutation approach recalculating the networks 200 times and comparing the observed connectivity per gene with the randomized one. None of the randomized networks showed similar connectivity, providing robustness to the network inference. Module visualization was performed using Cytoscape (Shannon et al., 2003) . Functional enrichment was performed using GOstat package in R (Falcon and Gentleman, 2007) .
Immunocytochemistry and Confocal Microscopy
Standard immunocytochemistry protocols were used. Briefly, cells were washed twice with PBS, incubated with 300nM MitoTracker Red CMXRos for 30 minutes at 37C prior to fixation (4%PFA, 37C, 10 minutes). Cells were then washed 3 times with PBS, permeabilized (0.2% TritonX/PBS, 10 minutes), blocked (3%BSA/PBS for 30 minutes) and incubated overnight with the primary antibody (FLAG M2 (Sigma F1804)) added to the blocking solution. The next day, cells were washed 3 times with PBS and incubated with secondary antibody (AlexaFluor 488 (Life Technologies)), followed by DAPI (5 min). After another wash cells were mounted onto coverslips.
Confocal images were acquired using a Zeiss LSM710 confocal microscope, and images were analyzed using Zen software. 
Mitochondrial Respiration Assay
DNA Extraction
Mitochondrial and genomic DNA was extracted from BAT tissue using DNeasy Blood and Tissue Kit (QIAGEN) according to manufacturer's instructions. 10ng of DNA was then amplified by qRT-PCR using primers for genomic and mitochondrial DNA.
Mitochondrial Fractionation and Proteinase K Assay
Mitochondrial isolation was performed as previously described (Frezza et al., 2007) . Briefly, five confluent 10cm plates of HEK 293 cells were collected using a cell scraper, then resuspended in 3ml of isolation buffer (10mM HEPES, 220mM mannitol, 70mM sucrose, 5mM MgCl 2 , 1mM EGTA, 20mM KCl, pH7.4). Approximately 1,000,000 cells were collected, spun down, and lysed in 100ul of RIPA buffer for the whole-cell lysate. The rest of the cell suspension was mechanically disrupted using a glass-Teflon dounce homogenizer. The lysates were spun down at 600g for 10 minutes at 4°C to pellet unbroken cells and nuclei. The supernatant was collected and centrifuged again at 7,000g for 10 minutes at 4°C to pellet the mitochondrial fraction. The mitochondrial pellet was washed with 200ul of isolation buffer and then equally split into 7 different microcentrifuge tubes. The pellet was spun down at 7,000g for 10 minutes at 4°C, and the supernatant was discarded. The mitochondrial pellets were resuspended in 40ul of reaction buffer. Briefly, 100g/ml Proteinase K and/or 1%TritonX-100 were added to the samples in isolation buffer and samples were incubated on ice for 30 minutes. The reaction was stopped by the addition of 2ul of 100mM PMSF and 10ul of 5x SDS sample buffer. Ten microliters of each sample were loaded for SDS-PAGE and Western blot analysis, probing with antibodies raised against: Tubulin (Sigma T6199), Nocturnin (in house antibody ), and MT-CO1 (Invitrogen 459600).
Mitochondrial fractionation from BAT was similarly performed, and extracts were probed with antibodies against Nocturnin (in house antibody ), VDAC (Cell Signaling D73D12), MT-CO2 (Proteintech 55070-1-AP), and Actin (Millipore MAB1501).
BAT Metabolomics
Frozen BAT tissue (50-100mg) was homogenized in chloroform/methanol/H 2 O (40:40:20), and metabolites were extracted from the polar layer. Samples were subjected to three freeze-thaw cycles, and spun at 14000rpm for 15min to pellet precipitants. The supernatant was transferred to a new tube and evaporated overnight. For LC-MS/MS measurements, dried metabolites were resuspended in 0.03% formic acid, vortexed and centrifuged to remove debris. Samples were randomized and blinded prior to analysis on an AB QTRAP 5500 liquid chromatograph/triple quadropole mass spectrometer (Applied Biosystem SCIEX). Chromatogram review and peak area integration was performed in MultiQuant software. Peak areas were normalized against total ion count.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism software. Two-way analysis of variance (ANOVA) followed by post hoc tests or two-tailed Student's t-tests were performed as indicated.
For metabolomics, hierarchical clustering was performed in Cluster 3.0, and principal component analysis was performed in MATLAB (MathWorks, Inc.).
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